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The telencephalon shows the greatest degree of size variation in the vertebrate brain. Understanding the genetic cascade that regulates
telencephalon growth is crucial to our understanding of how evolution of the normal human brain has supported such a variation in size. Here,
we present a simple and quick approach to analyze this cascade that combines caged-mRNA technology and the use of antisense morpholino
oligonucleotides in zebrafish embryos. Lhx2, a LIM-homeodomain protein, and Six3s (Six3b and Six3a), another homeodomain proteins,
show very similar expression patterns early in forebrain development, and these are known to be involved in the growth of this part of the
brain. The telencephalon of six3b and six3a double morphant (six3 morphant) embryos is markedly reduced in size due to impaired cellular
proliferation. Head-specific overexpression of Lhx2 by photoactivation of a caged-lhx2 mRNA completely rescued this size reduction, whereas
similar head-specific activation of Six3b could not rescue the knockdown effect of lhx2. In the forebrain of medaka embryos, Six3 facilitates
cellular proliferation by sequestration of Geminin from Cdt1, a key component in the assembly of the prereplication complex. Our results
suggest that Lhx2 may mediate an alternative or parallel pathway for control of cellular proliferation in the developing forebrain via Six3.
D 2005 Elsevier Inc. All rights reserved.Keywords: mRNA caging; lhx2; six3; Antisense morpholinos; Forebrain; Cell proliferation; ZebrafishIntroduction
The telencephalon in lower vertebrates such as frogs and fish
has a relatively simple structure, although the developmental
events of early forebrain organization are well conserved
between these animals and higher vertebrates, making these
lower vertebrates a good model for the study of telencephalon
development (Bachy et al., 2001; Wullimann and Puelles, 1999;
Hauptmann and Gerster, 2000; Wilson and Houart, 2004). Our
molecular approach focuses on the functional interactions of the
genes required for forebrain development, particularly those
involved in telencephalic formation. In this study, we used
zebrafish as a model organism to study the epistatic relationship0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: hitoshi@brain.riken.jp (H. Okamoto).between lhx2 and two six3 paralogous genes (six3b and six3a:
previously termed six3.2 and six3.1, respectively) (Kobayashi et
al., 1998; Seo et al., 1998), which are both required for forebrain
development, using a combined application of antisense
morpholino oligonucleotides (AMO) (Nasevicius and Ekker,
2000), and mRNA uncaging (Ando and Okamoto, 2003; Ando
et al., 2001, 2004). The latter is a new technology that we
developed in the zebrafish to target the induction of ectopic
mRNA expression to specific regions of the developing embryo.
This simple and quick approach is particularly useful to identify
the role of a downstream gene in the execution of pleiotropic
functions by an upstream gene.
Lhx2 and Lhx9 are two LIM-homeodomain transcription
factors similar to Drosophila Apterous (Cohen et al., 1992).
Orthologs of these two proteins have been identified in lower
vertebrates, such as frogs and fish, and in higher vertebrates
and are implicated in establishing the prosomeric organization
of the brain (Bachy et al., 2001; Alunni et al., 2004). Lhx287 (2005) 456 – 468
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subsequent growth of the forebrain. Lhx2-knockout mice
demonstrated profound loss of cortical progenitors and
neurons in the dorsal telencephalon, which gives rise to the
cerebral cortex and the compensatory expansion of the
cortical hem (Porter et al., 1997; Bulchand et al., 2001;
Monuki et al., 2001). Eye formation was also arrested at an
early stage of development in these mutant mice (Porter et al.,
1997). In both Xenopus and mice, Lhx2 may also regulate the
regional specification of the pseudo-segmental prosomeres of
the forebrain, in association with other LIM-homeodomain
proteins (Retaux et al., 1999; Bachy et al., 2001).
Six3 is a member of the Six/Sine oculis (So) family of
homeodomain proteins and is expressed in the most anterior
region of the developing vertebrate neural tube (Oliver et al.,
1995; Kobayashi et al., 1998; Bovolenta et al., 1998; Loosli
et al., 1998; Seo et al., 1998; Zhou et al., 2000). Targeted
disruption of Six3 in mice and medaka fish resulted in
truncation of the prosencephalon with loss of the eyes and
nose due to posteriorization of the head (Lagutin et al., 2003;
Carl et al., 2002). Overexpression of Six3 in zebrafish,
medaka fish, or frog led to enlargement of the forebrain and
eyes (Kobayashi et al., 1998; Loosli et al., 1999; Bernier et
al., 2000). In medaka fish, it was also reported that Six3
directly interacts with Geminin and sequesters Geminin from
Cdt1, the key component in assembling the prereplication
complex, such that Cdt1 triggers cell proliferation (Del Bene
et al., 2004). Zebrafish is known to have two six3 paralogous
genes (six3b and six3a), both of which exhibit very similar
expression patterns in presumptive forebrain, although ex-
pression of six3a disappears at much earlier than that of six3b
(Kobayashi et al., 1998; Seo et al., 1998). Since Lhx2 and
Six3s are expressed in the presumptive forebrain in zebrafish
and both may function in the same cascade of transcriptional
regulation during eye formation (Zuber et al., 2003), we
focused on the functional relationship between Lhx2 and Six3
in the development of the telencephalon of zebrafish.
Here, we present the possible functional interaction between
Lhx2 and Six3 in forebrain neural development, especially in
the telencephalon of zebrafish. We first isolated the zebrafish
lhx2 ortholog, together with its paralog lhx9. By functional
studies using AMO and mRNA uncaging, we show that Lhx2
could function downstream of Six3 as another key mediator of
the Six3 role in cellular proliferation in the developing
forebrain. Furthermore, our overexpression experiment of each
of six3a and six3b, together with rescue experiment of their
double-knockdown embryo by uncaging of lhx2, firstly
demonstrated that both Six3a and Six3b function for forebrain
growth as the upstream regulators of lhx2.
Materials and methods
Embryo isolation and breeding
Embryos were obtained by natural matings of adult fish that were kept at
28.5-C on a 14-h light/10-h dark cycle (Westerfield, 2000). Some embryos
were raised in 0.003% phenylthiourea (Sigma) to inhibit pigment formation, as
described previously (Elsalini and Rohr, 2003).Molecular cloning of zebrafish lhx family
For cDNA screening, probes were obtained by RT-PCR against total
RNA from the zebrafish adult brain. Primers were designed by comparing
amino acid sequences of the homeodomains of Drosophila apterous and rat
Lhx2. Degenerate primers (AP5 primer: ACN(AT)(CG)NTT(CT)AA(AC)-
CA(CT)CA, AP3 primer: C(GT)NGC(AG)TTT(TC)TG(AG)AACCA) were
prepared for amplification of conserved sequences. Obtained fragments were
subcloned and subsequently used to screen the cDNA library. Three
independent clones were isolated from the cDNA library, which was made
from adult brain (8  105 pfu) and embryos at 18 through 23 h post-
fertilization (hpf) (1  106 pfu). Sequence analyses showed that all clones
had characteristic structures for LIM/homeodomain-type transcription factors
(i.e. two tandem arrays of LIM domain at the amino terminus and one
homeodomain at the carboxyl terminus). Two of these clones were termed
as zebrafish lhx2 and lhx9 based on their structural similarity to mouse, rat
and human counterparts (Genbank accession number, AB188255 and
AB188254, respectively). The coding region of lhx2, six3b and the PCR-
amplified coding regions of lhx2, six3b and six3a fused in frame with gfp
cDNA were inserted in pCS2+ for in vitro synthesis of mRNA (Turner and
Weintraub, 1994).
Caging of mRNA
Capped sense RNAs were synthesized using the mMESSAGE mMA-
CHINETM in vitro transcription kit (Ambion) from pCS2+ plasmid
containing the full-length lhx2 and six3b cDNAs and pT7Blue(R) plasmid
(Novagen) containing the full-length six3a cDNA. For lhx2 caging, 20 Ag of
mRNA was dissolved in 5 Al of dimethylsulfoxide (DMSO). 300 Ag of Bhc-
diazo was dissolved in 5 Al of DMSO and mixed with mRNA solution (total
volume of the reaction mixture was 10 Al). Reaction mixtures were placed
for 60 min at room temperature in the dark and then subjected to column
chromatography with DMSO-swollen Sephadex G50 for removal of unbound
Bhc-diazo. Eluate was precipitated and dissolved in 5 Al of nuclease-free
water (final concentration of caged-mRNA, 4 Ag/Al). For six3a and six3b
caging, 500 Ag Bhc-diazo was used. The pellet of caged-mRNA was
dissolved in 20 Al of nuclease-free water (final concentration of caged-
mRNA, 1 Ag/Al). Caged-mRNA injection into the yolk of one-cell stage
embryos was performed as described previously (Ando and Okamoto, 2003;
Ando et al., 2004). All procedures were performed in ultraviolet (UV)-free
conditions. The detailed protocol for mRNA uncaging, including preparation
of caged-mRNA, has also been described previously (Ando and Okamoto,
2003; Ando et al., 2004).
Head-specific uncaging by spot illumination
For head-specific uncaging of mRNA, embryos injected with caged-
mRNA were arranged on the groove of a resinous plate for precise
illumination (diameter, 36 Am) with a 365-nm light to the head. Light was
supplied for 1 s from a 100-W mercury lamp with no neutral density filter.
The size of the UV light spot was controlled by attaching a pinhole slide
to the light pathway (BX51WI, Olympus. Co. Japan, Fig. 2C). Embryos to
be uncaged were incubated at 28.5-C in the dark before and after
illumination.
Whole-mount in situ hybridization and immunohistochemistry
All procedures for whole-mount in situ hybridization were carried out
according to the standard protocols (Oxtoby and Jowett, 1993).
Immunohistochemistry was also performed according to the standard
procedures (Westerfield, 2000). Double staining by in situ hybridization
and immunohistochemistry was performed as previously described
(Segawa et al., 2001). Immunofluorescent labeling was also carried out
on embryos by incubation with primary antibodies followed by
fluorescein-conjugated secondary monoclonal antibodies against rabbit or
mouse IgG (Alexa Fluor, Molecular Probes). After removing the yolk,
embryos were mounted on a slide glass. Images were obtained using a
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genes used as probes followed the nomenclature recommended by the
zebrafish nomenclature committee.
Check of cross-reactivity of six3-AMO against two six3 genes
To inhibit the function of two zebrafish six3 genes by a single AMO,
we designed the AMO sequence complementary to the highly conserved
sequences around the translation initiation codon of six3a and six3b
cDNAs. This AMO (termed as six3-AMO, 5V GCTCTAAAGGAGACCT-
GAAAACCAT 3V) has 100% match to six3b and 92% match (2-base
mismatches in a 25-mer oligonucleotides) to six3a. In order to confirm that
six3-AMO actually represses both six3b and six3a translation, we co-
injected mRNA (100 pg) for the fusion proteins Six3b:GFP or Six3a:GFP
with six3-AMO (20 pg) into the one-cell stage embryos. Injected embryos
were incubated at 28.5-C, and the effects of six3-AMO against translation
of each mRNA were evaluated by expression of GFP fluorescence at 3
hpf. We also designed another AMO from the same conserved sequences
between six3a and six3b cDNAs. This AMO (termed as six3-AMO2, 5V
CTCTAAAGGCGATCTGAAAACCATG 3V) has 100% match to six3a and
92% match to six3b and was subjected to the similar experiments as
performed with six3-AMO. At 3 hpf, GFP fluorescence in embryo co-
injected with either six3-AMO or six3-AMO2 and mRNAs for the fusion
proteins was completely abrogated (for six3-AMO, see Fig. 3 and data not
shown for six3-AMO2), showing that both six3-AMO and six3-AMO2
could repress the translations either of six3a and six3b. We also confirmed
that six3-AMO and six3-AMO2 gave the same results with respect to the
epistatic analysis of Lhx2 and Six3 (data not shown).
Co-injection of antisense morpholino oligonucleotides and
caged-mRNA
For rescue analyses, we co-injected caged-mRNA for lhx2 or lhx2:gfp and
six3-AMO or caged-mRNA for six3b or six3b:gfp and lhx2-AMO into the one
cell-stage embryos. At 10 through 12 hpf, the head of the embryos was
illuminated with spot UV light to uncage mRNA. After uncaging, embryos were
incubated in the dark for 2 h at 28.5-C, and their morphology was observed every
30 min. The amount of caged-mRNA to be injected (80 pg for lhx2 and 20 pg for
six3a and six3b) was determined as the concentration at which over 80% of
uncaged embryos showed typical and reproducible enlargement of the forebrain.
A total of 16 pg of lhx2-AMO or 8 pg of six3-AMO were injected into each
embryo. Embryos which were injected with caged-mRNA s were handled under
UV-free conditions as previously reported (Ando and Okamoto, 2003; Ando et
al., 2001). Sequence of lhx2-AMO is 5V TCTGCAACCCAAGATTTCCGT-
GAGA 3V.
Detection of proliferating cells
For double labeling of proliferating and non-proliferating cells in the
forebrain, embryos at 17 hpf were first immunostained with anti-phosphorylated-
histone (PH3) antibody (Sigma) and then incubated with an anti-rabbit IgG
secondary antibody, which was conjugated with fluorescein (Alexa Fluor, 488,
Molecular Probes). After washing with phosphate buffer (pH 7.2), embryos were
then soaked in 5 AM of SYTOX Orange (Molecular Probes) for 1 h at room
temperature. After wash with phosphate buffer for a day at room temperature, a
thick (¨100 Am) section of the telencephalon was manually sliced using a razor
blade for observation in the anterior view. Proliferating (green) and non-
proliferating (red) cells were imaged using a confocal laser microscope
(Axioplan2 LSM510, Zeiss).
Aphidicolin treatment
Embryos were chronically exposed to 75 AMaphidicolin in breeding water at
28.5-C from the late blastula stage as described previously (Ikegami et al., 1999).
For uncaging, at 12 hpf, embryos were rapidly uncaged and returned to the
aphidicolin-containing water and incubated at 28.5-C to 24 hpf. To observe the
location of successfully uncaged-lhx2 mRNA in the forebrain, fluorescence ofGFP fused with Lhx2 was observed by a fluorescence microscope just before
fixation.
Results
lhx2 is expressed in the forebrain and hindbrain
To study the function of Lhx2 in embryogenesis, we
cloned the zebrafish ortholog of lhx2 together with its
paralog, lhx9. The amino acid sequence of zebrafish Lhx2
showed 70.3%, 80.0% and 79.8% structural similarity to
chick, rat and human Lhx2, respectively, and the amino acid
sequence of zebrafish Lhx9 showed 88.7%, 67.1% and
69.3% structural similarity to chick, rat and human Lhx9,
respectively.
lhx2 is first expressed in the presumptive forebrain at
approximately 11 hpf, an early stage of somitogenesis (Fig.
1A). From 24 hpf, lhx2 is expressed at high levels in the
telencephalon and the epiphysis and to a lesser extent in
the optic vesicles and the optic stalk (Fig. 1B). This
pattern of expression persists until 32 hpf, when intense
expression is detected throughout the telencephalon, with
the exception of the most ventral portion, and in the
epiphysis. In addition, at 32 hpf, there is also a high level
expression of lhx2 in a segmentally repeated manner from
the midbrain–hindbrain boundary (MHB) to the hindbrain
(Figs. 1C, D).
Similar to lhx2, lhx9 expression also starts in the
presumptive forebrain at approximately 11 hpf (Fig. 1E).
However, unlike lhx2, which is expressed throughout the
telencephalon, lhx9 expression becomes restricted to specific
clusters of cells in the telencephalon and diencephalon by 24
hpf (Figs. 1F–H). Double labeling for lhx9 and a-tubulin
(a-Tb), a marker for the initial axonal scaffold and neurons
in the embryonic zebrafish brain, revealed expression of lhx9
in the neurons of the postoptic commissure at 30 hpf (Fig.
1I; Chitnis and Kuwada, 1990). The segmental expression of
lhx9 in the hindbrain coincides with that of lhx2 and is
complementary to the arrangements of the reticulospinal
neurons (Figs. 1H, I). The expression patterns of both lhx2
and lhx9 in zebrafish embryos are largely conserved
compared with those previously reported in Xenopus (Bachy
et al., 2001).
Overexpression of Lhx2 induces severe dorsalization of
zebrafish embryos
To determine the function of Lhx2 in early forebrain
development, we first overexpressed Lhx2 in developing
embryos. Intact lhx2 mRNA was injected into one-cell stage
embryos. From the 70% epiboly stage (7.5–8 hpf), the
injected embryos were ellipsoid in shape with evidence of
severe dorso-anteriorization such as head enlargement,
shortened body axis and ventral expansion of somites (Kao
and Elinson, 1988; Mullins et al., 1996). This arrangement
was confirmed by two-color in situ hybridization for the
diencephalic marker pax6a and the hindbrain marker egr2b
Fig. 1. Expression of lhx2 and lhx9 mRNA in the zebrafish embryo. (A) Expression of lhx2 in the presumptive forebrain at the early somitogenesis stage (11 hpf)
(A), at 24 hpf (B) and at 32 hpf (C, D). (E–H) Expression of lhx9 in the zebrafish brain at the same stages as A–D. (A–C, E–G) Dorsal views, anterior up; (D, H)
lateral views, anterior left, dorsal up. t, telencephalon; ov, optic vesicles; white arrowhead (C) and e (D), epiphysis; black arrowheads, hindbrain segments; asterisk,
mid–hindbrain boundary. (I) Double labeling of lhx9 expression (purple) and primary neurons (brown) by in situ hybridization and a-Tb immunostaining in a 30-hpf
embryo. poc, postoptic commissure; TPOC, the tract of the postoptic commissure; arrowheads, complementally localization of lhx9-expressing cells and the
reticulospinal neurons in the hindbrain. Scale bar, 100 Am.
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1993).
Head-specific overexpression of Lhx2 induces enlarged head
morphology
In the previous experiment, Lhx2 was overexpressed
throughout the embryo earlier than that observed in normal
development. To induce specific overexpression of Lhx2 in the
head at the proper developmental stages, we used caged-mRNA
technology (Ando andOkamoto, 2003; Ando et al., 2001, 2004),
in which in vitro synthesized mRNA is kept inactivated by
binding of 6-bromo-4-diazomethyl-7-hydroxycoumarin (Bhc-
diazo) to the phosphate moieties of the mRNA. Bhc-caged-
mRNA injected into zebrafish embryos at the one-cell stage can
be reactivated in specific regions of the embryo by UV
illumination, which releases Bhc from the mRNA species.
A recombinant plasmid encoding an Lhx2-green fluores-
cent protein (GFP) fusion protein (Lhx2:GFP) was con-
structed to trace the time course of Lhx2 expression.
Injected embryos showed GFP fluorescence in most nuclei
at the gastrulation stage, and the same characteristic ellipsoid
shape was seen in the embryos injected with ectopic lhx2
mRNA at 11–13 hpf (data not shown), confirming that the
fusion protein remained functional. To induce specific
expression of Lhx2 in the head region of embryos, we
injected caged-lhx2:gfp mRNA into one-cell stage embryos
and induced uncaging at 12 hpf by brief spot illumination (1
s, 36 Am in diameter) of 365-nm UV light to the anteriorend of the forebrain (Fig. 2C). From 15 hpf, the uncaged
embryos showed increased head growth (Fig. 2D) and green
fluorescence that was restricted to the head region (Fig. 2E).
At the 18-somite stage, 83.5 T 8.6% of the uncaged
embryos had enlarged head and eyes (number of experi-
ments, ne = 30; average number of treated embryos per
experiment, nt = 115.4; average number of affected embryos
per experiment, na = 96.0) (Fig. 2H). However, 88.1 T 7.3%
of the embryos that were injected but not uncaged showed
normal morphology (ne = 30, nt = 132.0, na = 116.5) (Fig.
2G), equivalent to that seen in the non-injected embryos
(Fig. 2F). These results suggested that Lhx2 promotes
forebrain growth.
Overexpression of Lhx2 promotes generation of the
telencephalic neurons
The effect of Lhx2 overexpression on differentiation of the
telencephalic neurons was examined by a-Tb immunostaining
of the uncaged embryos at 24 hpf. Two characteristic
abnormalities were found in the uncaged embryos. First,
there was a marked increase in the number of a-Tb-reactive
telencephalic neurons, which were widely and densely
distributed throughout the telencephalon. This increase was
apparently due to the dorsal expansion of the cluster of these
neurons, which are normally restricted to the ventral
telencephalon (Fig. 2J). Second, the supraoptic tract (SOT)
was widened and defasciculated (Fig. 2J) compared to the
SOT in the uninjected embryos (Fig. 2I) and appeared to
Fig. 2. Comparison of the effect of ubiquitous Lhx2 overexpression with that of head-specific photoactivation of caged-lhx2 mRNA. (A) Two-color in situ
hybridization of an uninjected embryo at 15 hpf. Red signal shows pax6a expression in the head, and dark stripes show egr2b expression in the hindbrain. (B) Two-
color in situ hybridization in the Lhx2-overexpressing embryo at 15 hpf. Embryo showed severe dorsalization as well as anteriorization at this stage. Open arrowhead
points to the expanded region of pax6a expression in the enlarged head, and closed arrowhead points to the expanded region of egr2b expression. (A, B) Lateral
view, anterior left and dorsal up. Scale bar: 200 Am. (C–H) Uncaging by spot UV illumination induced head-specific overexpression of Lhx2:GFP fusion protein.
(C) Spot UV illumination, 36 Am in diameter, with 365-nm light (shown as blue spot) of the presumptive forebrain of a 12-hpf embryo to uncage lhx2:gfp fusion
mRNA. Illumination was provided by a 100-W mercury lamp for 1.0 s using a 10-fold objective lens and a 200-Am pinhole slide inserted at the confocal plane of the
light pathway. ov, optic vesicles. (D) Head-uncaged embryo at 16 hpf. (E) Fluorescence microscopy image of the head-uncaged embryo shown in panel D. GFP
fluorescence was only detected in the head (white arrowhead). (F–H) Morphology of embryos at 18 hpf. (F) An uninjected embryo. (G) An embryo injected with
caged-fusion mRNAwithout uncaging treatment. (H) An embryo injected with caged-fusion mRNA and uncaged in the head at 12 hpf. (I, J) Immunostaining of the
primary neurons with a-Tb of a 24-hpf uninjected (I) and head-uncaged embryo (J). Asterisk in panel J points to the ectopic neurons in the dorsal telencephalon that
extend their axons in the defasciculated supraoptic tracts (arrow and bracket) toward the rostral TPOC. TPOC, tract of the postoptic commissure; SOT, supraoptic
tract; TPC, tract of the posterior commissure; DVDT, dorsoventral diencephalic tract; AC, anterior commissure; mlf, medial longitudinal fascicle. (K, L) neurog1
expression at 17 hpf in uninjected (K) and head-uncaged embryo (L). Arrowhead in panel L shows expanded neurog1 expression. Scale bar, 100 Am. (M–V)
Comparison of the expression patterns of brain marker genes in the uninjected (M, O, Q, S, U) and in the head-specific lhx2 mRNA-uncaged embryos (N, P, R, T, V).
(M, N) shh expression at the 18-somite stage. Arrowhead in panel M points to dorsal shift of shh expression domain at the mid–diencephalic boundary. (O, P)
nkx2.2a expression at the 18-somite stage. Arrowheads point to the optic recess of each embryo. rd, md, cd, rostral domain, medial domain, caudal domain of
nkx2.2a expression in the uninjected embryo. (Q, R) ascl1a expression at 20 hpf. (S, T) eomes expression at 18 hpf. Asterisk in panel T points to dorsal extension of
eomes expression. (U, V) pax6a expression at 24 hpf. Scale bar (M–V), 100 Am.
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of the postoptic commissure (TPOC). To confirm these
observations, we compared the pattern of expression of
neurogenin1 (neurog1), a marker of neural precursors, in
the uninjected versus uncaged embryos at 17 hpf (Blader etal., 1997). In the uncaged embryos, the region of neurog1
expression was clearly larger (Fig. 2L) than that in the
uninjected embryos (Fig. 2K). In addition, the neurog1
expression domain expanded both dorsally and ventrally
(Fig. 2L).
Fig. 3. Cross-reactive knockdown effect of six3-AMO against six3b and six3a expression. (A) Expression of GFP fluorescence in the nuclei of blastoderm cells in
the embryos injected with mRNA for fusion protein of Six3b and GFP (six3b:gfp) alone (upper panels), and the absence of GFP fluorescence in the embryos co-
injected with six3b:gfp and six3-AMO (bottom panels). (B) Expression of GFP fluorescence in the nuclei of blastoderm cells in the embryos injected with mRNA for
fusion protein of Six3a and GFP (six3a:gfp) alone (upper panels) and the absence of GFP fluorescence in the embryos co-injected with six3a:gfp and six3-AMO
(bottom panels). In each panel, the left side shows the dissecting microscopic images, and the right side shows the fluorescent microscopic images. Stage for
observation, 3 hpf.
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disturbing the patterning of the other parts of the brain
We observed the expression patterns of six marker genes
in the anterior part of the brain of both the uninjected and
uncaged embryos. No notable changes in patterning of the
brain were observed except the expansion in the expression
of the telencephalic markers. In the uncaged embryo, a
dorsal shift in the expression domains of shh and nkx2.2a
at the mid–diencephalic boundary was not conspicuous at
the 18-somite stage (Figs. 2M, N; Krauss et al., 1993, Figs.
2O, P; Barth and Wilson, 1995). However, both genes were
normally expressed around the optic recess, which is
located just ventral to the telencephalon. The dorsal stripe
of ascl1a expression in the telencephalon, and the ventral
stripe in the diencephalon looked normal in the uncaged
embryo (Fig. 2R; Allende and Weinberg, 1994). The
distance between the two ascl1a-positive spots in the dorsal
diencephalon and in the midbrain–hindbrain boundary was
not affected in the uncaged embryo (Fig. 2R). Expression
of eomes was slightly expanded into the dorsal portion of
the telencephalon in the uncaged embryos (Fig. 2T; Mione
et al., 2001). No change in the expression pattern of pax6a
in the diencephalon was found in the uncaged embryos
(Figs. 2U, V; Krauss et al., 1991a). Only the expression of
neurog1 and eomes in the telencephalon showed expansion
roughly in proportion with the increased size of the
telencephalon in the uncaged embryos, but none of them
showed disproportionate expansion in the sacrifice of the
other parts of the brain as shown in expression patterns of
ascl1a.
Overexpression of Six3 enhanced expression of Lhx2
The morphological changes seen in the lhx2-uncaged
embryos, including the enlargement of the head and eyes andthe increase in the number of neurons in the telencephalon,
were similar to those of the embryos in which Six3b was
overexpressed (Kobayashi et al., 1998). In fact, the pattern of
early expression of lhx2 resembles that of six3b (Fig. 4A, left;
Kobayashi et al., 1998) and six3a (Fig. 4A, right; Seo et al.,
1998).
Six3b is expressed in the forebrain region including the eyes
throughout the embryonic stages. six3a is also expressed in the
same region, but its expression disappears at mid-somite stage
(around 15 hpf) (Seo et al., 1998).
To determine whether lhx2 and six3s have a functional
interaction in the developing forebrain, we first analyzed the
expression of lhx2 in the embryos overexpressing Six3a or
Six3b in the forebrain by uncaging six3a or six3b mRNA in
embryos at 12 hpf. At the 8-somite stage, the embryos
overexpressing Six3a or Six3b showed enlargement of the
forebrain, consistent with the previous studies (Kobayashi et
al., 1998), and expansion of the lhx2-positive region (Fig.
4B, right panels). The result indicates that lhx2 is activated
as the downstream gene of six3a or six3b. To examine
whether lhx2 is a direct target gene of Six3b, we then
analyzed the lhx2 expression in the RDsix3b-uncaged
embryos at the same stage. RDSix3b is the fusion protein
of the DNA-binding domain of Six3b and the repression
domain of Drosophila Engrailed, which shows similar
activity with wild-type Six3b when overexpressed in zebra-
fish embryos (Kobayashi et al., 2001). Embryos overexpres-
sing RDSix3b showed enlargement of the forebrain (Fig. 4C)
and expansion of the lhx2-positive region (Fig. 4B, bottom
panel, left).
The result suggests that Six3b acts as a transcriptional
repressor and does not regulate directly the lhx2 expression.
The similarity in the structure and the early expression
pattern of both Six3a and Six3b suggest that they may act at
least partially redundantly for the forebrain development and
the activation of lhx2, although Six3b may be involved more
Fig. 4. Enhancement of lhx2 expression in a head-specific Six3a- and Six3b-overexpressing embryo by uncaging mRNA for six3a and six3b and severe
downregulation of lhx2 expression in a six3-knockdown embryo. (A) six3b and six3a expression in the presumptive forebrain in the 11-hpf embryo (left and right,
respectively). (B) A normal pattern of lhx2 expression in the forebrain in the embryo injected with 20 pg of globin mRNA (upper, left) and enhanced lhx2
expressions in the six3b (upper, right), RDsix3b (bottom, left) and six3a mRNA-uncaged embryo (bottom, right) at the 8-somite stage. Scale bar, 100 Am. (C) Similar
degrees of enlargement of the head in six3b, RDsix3b and six3a mRNA-uncaged embryos at the 8-somite stage. (D) Dorsal views of lhx2 expression in the forebrain
and pax2a expression in the midbrain–hindbrain boundary at the one-somite stage by co-probing for lhx2 and pax2a in an uninjected embryo (upper panel) and
marked decrease of lhx2 expression in the six3-knockdown embryo (bottom panel). Arrowheads point to pax2a expression in the developing optic stalk. (E) lhx2 and
six3b expression in the six3- and lhx2-knockdown embryos. The upper pairs of pictures show lhx2 and six3b expression in the uninjected embryos. The bottom left
picture shows marked decrease of the lhx2 expression in the six3-knockdown embryo. In this experiment, embryos were also probed for myod. Arrowhead points to
pax2a expression in the optic stalk. The bottom right picture shows six3b expression in the lhx2-knockdown embryos. Insets in each picture in panel E show the
myod expressions of the same embryos, demonstrating that all embryos are at the one-somite stage.
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forebrain throughout embryogenesis. Next, we analyzed the
expressions of lhx2 and six3b in combination with pax2a
and myod in the embryos injected with six3-AMO or lhx2-
AMO, respectively, at the one-somite stage when expression
of lhx2 is first evident. To repress the function of both Six3a
and Six3b simultaneously, we injected the six3-AMO which
repress translation of both Six3 paralogues (Fig. 3).
The expression of lhx2 was markedly reduced or
completely abrogated in the six3-knockdown embryos (Figs.4D, E), whereas the expression of six3b was not affected in the
lhx2-knockdown embryos (Fig. 4E). In this experiment, we
found that pax2a (Krauss et al., 1991b) was expressed in the
developing optic stalk in spite of the absence of lhx2
expression in the six3 morphant at the one-somite stage. This
confirms that the abrogation of the lhx2 expression in the
anterior neural plate of the six3 morphant embryo was not due
to cell death (Figs. 4D, E). Therefore, functional knockdown of
both of the Six3 paralogues resulted in almost complete
inhibition of the lhx2 expression.
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forebrain development
We then used a combined approach of AMO and caged-
mRNA to examine the functional interaction among lhx2,
six3a and six3b in the forebrain development in more detail.
six3-AMO and caged-lhx2:gfp mRNA were co-injected into
zebrafish embryos to determine the effect of Lhx2 over-
expression when Six3 paralogues were downregulated. At 16
through 26 hpf, 87.0 T 2.9% of the six3-AMO and caged-lhx2
mRNA-injected embryos in which lhx2 mRNA was not
uncaged (ne = 10, nt = 150.4, na = 117.2) showed a number
of specific defects in the forebrain, including thinning of the
telencephalon, severe reduction in the eye size and incomplete
separation of the eyes at the optic stalk (Fig. 5G). These defects
were indistinguishable from those of the embryos injected with
six3-AMO alone (Fig. 5D). In contrast, when the co-injected
embryos were subjected to mRNA uncaging in the forebrain at
12 hpf, 82.5 T 2.4% of the embryos (ne = 10, nt = 131.8, na =
109) showed an enlarged head and eyes (Fig. 5J). In this case,
the morphology of the embryos resembled that of the embryos
injected only with caged-lhx2 that was specifically uncaged in
the head at 12 hpf (Figs. 2D, H), suggesting that Lhx2 could
rescue the defects caused by inhibition of both Six3a and
Six3b. We observed the same extent of the recovery in the
forebrain development in the six3-AMO-injected embryos by
the head-specific activation of Lhx9, suggesting the functional
redundancy of Lhx2 and Lhx9 (data not shown).
The head and eyes of the rescued embryos began to enlarge
from 15 hpf, 3 h after uncaging. When examined at 26 hpf, in
uninjected embryos, the average ratios of the head height (ht)Fig. 5. Rescue of six3-knockdown by conditional overexpression of Lhx2. (A–C) U
with six3-AMO at the same stages. (G– I) Embryos co-injected with six3-AMO an
injected with six3-AMO and caged-lhx2 mRNA that were head-uncaged at 12 hpf at
stalks that suggest incomplete development of the eye. Panels B, E, H and K show
expression in the optic stalks. Arrowheads show the pax2a expression domains at t
and fluorescence of GFP in the 26-hpf embryos uninjected (M), injected with six3-A
and GFP with no uncaging (O) and injected with six3-AMO plus caged-lhx2:gfp m
fluorescence (pseudo-colored green) in the nuclei of the forebrain were overlaid with
in panels N and O show a reduction in the number of neurons in the telencephalon, a
uncaged embryos. The asterisk in panel P indicates an ectopically generated-SOT iand eye diameter (de) compared to the body length (bl) were
8.78 T 0.14 and 5.84 T 0.26, respectively (Fig. 7). In six3-
AMO-injected embryos, ht and de were reduced to 7.58 T 0.22
and 4.58 T 0.17, respectively. In six3b-AMO-injected embryos
that were not uncaged, ht and de also decreased to 7.63 T 0.16
and 4.66 T 0.20, respectively. In rescued embryos that were
injected with six3-AMO, these numbers recovered to 10.44 T
0.44 and 7.48 T 0.19, respectively (Figs. 7A, B).
Since overexpression of Six3b induced enlargement of the
neural clusters and the optic stalk in the forebrain (Kobayashi
et al., 1998), we observed the effects of these manipulations on
expression of a-Tb-reactivity and eomes, markers of neuronal
proliferation, and pax2a, a marker of the optic stalk, by in situ
hybridization and immunostaining (Krauss et al., 1991b). In the
18-hpf embryos injected with six3-AMO alone or with six3-
AMO plus caged-lhx2 mRNA, there were reduced expression
levels of eomes in the telencephalon and pax2a in the optic
stalks (Figs. 5E, F, H, I). Head-specific uncaging of lhx2
mRNA led to recovery of expression of both these markers in
either cases (Figs. 5K,L). In the 26-hpf embryos injected with
six3-AMO or co-injected with six3-AMO and caged-lhx2:gfp
mRNA, immunostaining with anti-acetylated-a-Tb staining
revealed reduction in the thickness of the SOT and the number
of telencephalic neurons (Figs. 5N, O). These phenotypes were
all rescued in the co-injected embryos after uncaging (Fig. 5P).
GFP fluorescence was widely expressed in the nuclei of the
forebrain cells in the uncaged embryos (Fig. 5P), whereas only
a few nuclei with fluorescence were observed in the non-
uncaged embryos (Fig. 5O), confirming that caged-lhx2:gfp
mRNA was successfully uncaged and translated in the
forebrain of embryos.ninjected embryos at 26 hpf (A) and 18 hpf (B and C). (D–F) Embryos injected
d caged-lhx2 mRNA without uncaging at the same stages. (J–L) Embryos co-
the same stages. Arrowheads in panels D and G point to partially separated optic
eomes expression in the dorsal telencephalon. Panels C, F, I and L show pax2a
he midbrain–hindbrain boundary. (M–P) Immunostaining of neurons by a-Tb
MO (N), injected with six3-AMO plus caged-fusion mRNA (lhx2:gfp) for Lhx2
RNA that were head-uncaged at 12 hpf (P). In panels M–P, images of GFP
the images of axons and neurons detected with a-Tb (pseudo-colored red). Stars
nd the arrowhead in panel O points to a leaky expression of Lhx2:GFP in non-
n rescued embryos. Scale bar, 100 Am.
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downstream target of Six3 for the development of the forebrain
and eyes.
Six3b overexpression cannot rescue the defects caused by
functional repression of Lhx2 in telencephalic development
We then examined the effect of Six3b overexpression on
the embryos in which Lhx2 was inhibited. Embryos were
injected with lhx2-AMO or co-injected with lhx2-AMO plus
caged-six3b mRNA, which was uncaged in the forebrain at
10 or 12 hpf. When examined at 17 hpf, uncaging did not
rescue the defects in these embryos (Figs. 6G, 7C); a total of
89.9 T 3.2% of the uncaged embryos still showed the defects
(ne = 7, nt = 116.7, na = 104.4). Similar to the reduction in
the sizes of the head and the eyes in the six3-AMO-injected
embryos, ht and de in the lhx2-AMO-injected embryos were
only 7.50 T 0.21 and 4.36 T 0.23, respectively, compared to
7.60 T 0.18 and 4.33 T 0.24, respectively, in the non-uncaged
embryos and 7.7 T 0.24 and 4.55 T 0.23, respectively, in the
uncaged embryos. The remaining 10% of the embryos
showed some gross developmental abnormalities commonly
observed in the embryos injected with any AMO and mRNA.
As a control, we injected caged-six3b mRNA alone into one
cell-stage embryos and then uncaged it under the same
conditions. Over 90% of the uncaged embryos (n = 139) had
the enlarged head and eyes, and ht and de recovered to
10.92 T 0.29 and 7.84 T 0.23, respectively, in these uncaged
embryos (Figs. 6J, 7C), indicating that uncaging of caged-
six3b mRNA led to functional expression of this protein.
These results showed that overexpression of Six3b in theFig. 6. Six3b cannot rescue the knockdown effect of Lhx2. (A–C) Uninjected emb
six3b mRNA that was not uncaged. (G–I) 17-hpf embryos co-injected with lhx2-A
embryos injected with caged-six3b mRNA alone that was head-uncaged at 12 hpf.
expression in the optic stalk. Stars point to pax2a expression at the midbrain–hind
colored red) and GFP fluorescence of fusion protein of Six3b and GFP (Six3b:GFP)
injected with lhx2-AMO plus caged-six3b:gfp mRNA that was not uncaged (N), co-i
(O) or injected with caged-six3b:gfp mRNA alone that was uncaged at 12 hpf (P)
telencephalon, and the asterisk in panel P indicates the ectopic generation of SOT
telencephalon (star), showing a similar phenotype in Fig. 5P. Scale bar, 100 Am.forebrain could not rescue the effect of functional inhibition
of Lhx2.
We compared patterns of expression of eomes and pax2a in
the 17-hpf embryos injected with lhx2-AMO alone (data not
shown) or with lhx2-AMO plus caged-six3b mRNA, which
was either left intact or uncaged at 12 hpf. Expression of both
genes, in the telencephalon and optic stalk, respectively, was
reduced in all embryos to the levels equivalent to simple lhx2-
knockdown embryos (Figs. 6B, C, E, F, H, I). However, pax2a
expression was retained in the MHB among all embryos (Figs.
6C, F, I, L). The embryos injected with caged-six3b mRNA
alone had marked expansion of eomes and pax2a expression in
the forebrain after uncaging (Figs. 6K, L).
To examine the effect of Six3b overexpression on the
forebrain neurogenesis when Lhx2 is inhibited, we caged
mRNA encoding a fusion protein of Six3b and GFP
(Six3b:GFP) and co-injected it with lhx2-AMO. The injected
embryos were uncaged in the forebrain at 12 hpf. The embryos
left caged had similar defects in the telencephalon to those in
the embryos injected with lhx2-AMO alone, including thinning
of the SOT and a reduced number of telencephalic neurons
(Figs. 6N, O). In the uncaged embryos, GFP fluorescence was
detected in the forebrain, but neural defects were similar to the
embryos left caged (Fig. 6O). The embryos injected with
caged-six3b:gfp mRNA alone showed dorsal expansion of
telencephalic neurons (Fig. 6P) and defasciculation of the SOT
(Fig. 6P) after uncaging. GFP was expressed in the forebrain of
these embryos. These results demonstrated that overexpression
of Six3b could not rescue defects induced by knockdown of
lhx2 and suggested that the promotion of forebrain and eye
development by Six3b was dependent upon the Lhx2 function.ryos at 17 hpf. (D–F) 17-hpf embryos co-injected with lhx2-AMO plus caged-
MO plus caged-six3b mRNA that was head-uncaged at 12 hpf. (J–L) 17-hpf
(B, E, H, K) eomes expression in the dorsal telencephalon. (C, F, I, L) pax2a
brain boundary. (M–P) Immunostaining of the initial axonal scaffold (pseudo-
(pseudo-colored green) at 26 hpf in the uninjected embryo (M), the embryo co-
njected with lhx2-AMO plus caged-six3b:gfp mRNA that was uncaged at 12 hpf
. Stars in panels N and O show the reduction in the number of neurons in the
in six3b:gfp-uncaged embryos as well as dorsal expansion of neurons in the
Fig. 7. Quantitative estimation of rescue and non-rescue of the six3- and lhx2-
knockdown embryos by head-specific overexpression of Lhx2 and Six3b,
respectively. Rescue and non-rescue were estimated at 26 hpf based on the size
of the head and the eyes in six3- and lhx2-knockdown embryos by head-
specific overexpression of Lhx2 and Six3b, respectively. (A) Calculation of the
relative size of the head was as follows: head thickness (ht in panel A) / whole
body length (bl in panel A)  100(%), and the relative size of the eye was
calculated as follows: diameter of the eye (de in panel A) / whole body length
(bl in panel A)  100 (%). (B) Relative size of the head (black bars) and the eye
(red bars) in the embryos that were uninjected (I), six3-AMO-injected (II), six3-
AMO plus caged-lhx2 mRNA-injected (without uncaging) (III), six3-AMO
plus caged-lhx2 mRNA-injected (with head-uncaging) (IV) and caged-lhx2
mRNA-injected (with head-uncaging) (V). In each measurement, n = 10. (C)
Relative size of the head (black bars) and the eye (red bars) in the embryos
uninjected (I), lhx2-AMO-injected (II), lhx2-AMO plus caged-six3b mRNA-
injected (without uncaging) (III), lhx2-AMO plus caged-six3b mRNA-injected
(with head-uncaging) (IV) and caged-six3b mRNA-injected (with head-
uncaging) (V). In each measurement, n = 10.
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morphants, supporting the redundant roles of Six3a and Six3b
in the early forebrain development (data not shown).
Head-specific overexpression of Lhx2 and Six3b enhanced cell
proliferation
To determine the cause of head enlargement in developing
embryos overexpressing Lhx2 and Six3b, we compared the
effects of uncaging the caged-lhx2 or -six3b on the number(Figs. 8A–G, upper panels) and the proportion (lower panels)
of proliferating cells in the heads of the lhx2-knockdown and
six3-knockdown embryos. The numbers of proliferating cells
were as follows: 62 T 1.81 in uninjected embryos (Fig. 8A),
124 T 5.40 in six3-knockdown plus lhx2-uncaged (Fig. 8B),
40 T 4.22 in lhx2-knockdown plus six3b-uncaged (Fig. 8C),
39 T 1.72 in lhx2-knockdown (Fig. 8D), 38 T 5.12 in six3-
knockdown (Fig. 8E), 145 T 9.65 in lhx2-uncaged (Fig. 8F) and
184 T 5.25 in six3b-uncaged embryos (Fig. 8G, n = 5 in all
experiments). In contrast, the numbers of proliferating cells in
the trunk were equivalent in all samples (Figs. 8A–G).
Similarly, the proportions of proliferating cells among all
cells in the forebrain were higher in the six3-knockdown plus
lhx2-uncaged (16.0 T 1.08%), in the lhx2-uncaged (15.6 T
2.18%) and in the six3b-uncaged embryos (14.9 T 1.71%)
(Figs. 8B, F, G, lower panels and Fig. 8H) and were lower in
the lhx2-knockdown plus six3b-uncaged (3.9 T 0.79%), in the
lhx2-knockdown (4.4 T 0.41%) and in the six3-knockdown
embryos (3.4 T 0.31%) than that of uninjected embryos (8.3 T
1.21%, Figs. 8C–E, lower panels and Fig. 8H, n = 5 in all
experiments).
Next, we observed the effect of uncaging of lhx2 mRNA
under conditions that repress cell proliferation. Embryos were
soaked in aphidicolin chronically from the late blastula stage
before and after uncaging at 12 hpf. As aphidicolin is a specific
inhibitor of DNA polymerase a, cell proliferation was partially
blocked under these conditions (Harris and Hartenstein, 1991;
Ikegami et al., 1999). At 24 hpf, no prominent expansion was
observed in the telencephalic neural cluster in the uncaged
embryos, however, mRNA was successfully uncaged in the
forebrain (Fig. 8I).
Together, these results demonstrated that overexpression of
Lhx2 or Six3b in the head induces expansion of the forebrain
mainly by promoting cell proliferation.
Discussion
Here, we present several key findings on the relationship
between Lhx2 and Six3 function in the development of the
zebrafish forebrain. lhx2, the zebrafish ortholog of lhx2, is
initially expressed in the presumptive forebrain at the early
developmental stages in a pattern that is similar to the
expression of six3a and six3b. Head-specific overexpression
of Lhx2, or overexpression of Six3a and Six3b, led to
enhanced forebrain development. In addition, the phenotypic
similarities in embryos overexpressing either Lhx2 or Six3,
which manifested as enlargement of the neural clusters and the
optic stalk in the forebrain, suggested that these genes have a
close functional relationship in forebrain development
(Kobayashi et al., 1998). The results also suggested that the
lhx2 and two six3 genes act in the same pathway because
severe size reduction of the forebrain region in the six3-
knockdown embryos was completely rescued by overexpres-
sion of Lhx2.
The functional relationship between zebrafish lhx2 and two
six3 paralogous genes was consistent with a study of the
Xenopus six3 and lhx2 genes for eye field specification
Fig. 8. Regulation of the cellular proliferation by Lhx2 and Six3b. The number and the proportion of proliferating cells in the heads of the embryos that were rescued
and not rescued at 17 hpf. Proliferating cells were detected by immunostaining with anti-phospho-Histone H3 polyclonal antibody. The nuclei in proliferating cells in
the stacked confocal image of the head region (a portion from the rostral-most tip to the caudal-most edge of the optic vesicle) were counted (shown as white bars in
A–G, upper panels) in the embryos that were uninjected (A), six3-AMO-injected with lhx2-uncaged (B), lhx2-AMO-injected with six3b-uncaged (C), lhx2-AMO-
injected (D), six3-AMO-injected (E), lhx2-uncaged (F) and six3b-uncaged (G). The proportions of the numbers of proliferating cells among all cells in the forebrain
were manifested by co-labeling with CYTOX Orange (red) in the frontal view of the cross-sections (2.5 Am) near the anterior end of the telencephalon, and
quantification of the proportions (%) was carried out by counting the number of cells which were labeled with anti-phospho-Histone H3 antibody and with CYTOX
Orange. (H) The quantified comparison of the proliferating cells among all cells in the cross-sections near the anterior end of the telencephalon. Measurements in
each experiment are shown as percentages with the standard error. In each measurement, n = 5. (I) Uncaging of lhx2:GFP mRNA in the forebrain (upper panels) and
a-Tb immunostaining of the telencephalic neurons at 24 hpf (lower panels) of the lhx2-uncaged embryos, which were not treated or treated with 75 AM aphidicolin.
The arrowhead indicates impaired increase in the number of telencephalic neurons in the uncaged embryos in the presence of aphidicolin. The embryos shown in the
upper and lower panels are typical examples, but they are not the same.
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functional relationship between Six3 and Lhx2 in Xenopus
and zebrafish.
Lhx2 may have a key role for promotion of cell proliferation by
Six3 as a mediator
Overexpression of either Six3b or Lhx2 in the head resulted
in increased cell proliferation, whereas knockdown of either of
these genes led to retarded development of the forebrain and
the eyes, suggesting a large functional overlap between Six3
and Lhx2. Since enlargement of the head and the eyes occurred
to a similar extent in the lhx2-uncaged embryos in which six3s
were knocked down as in the lhx2- or six3b-uncaged embryos,
Six3b can facilitate forebrain growth via Lhx2. Together, these
data are suggestive of a significant role for the Six3-Lhx2
pathway in promoting forebrain development.Six3 has bimodal functions at different developmental
stages. In early development, Six3 may negatively regulate
Wnt1 and Bmp4 expression within the anterior neuroectoderm
in mice, Xenopus and zebrafish embryos in cooperation with
co-factors such as Groucho (Kobayashi et al., 2001; Zhu et al.,
2002; Lagutin et al., 2003; Lopez-Rios et al., 2003; Gestri et
al., 2005). Six3 was also implicated in the patterning of the
forebrain by mutual repression of expression with the Irx3 gene
in the anterior neural plate under influence of Fgf8 and Shh
(Kobayashi et al., 2002). As brain morphogenesis proceeds,
Six3 induces cell proliferation at least by two pathways (Del
Bene et al., 2004; Zuber et al., 1999; Kobayashi et al., 1998,
2001; Gestri et al., 2005). In medaka fish, Six3 directly
interacts with Geminin and sequesters Geminin from Cdt1, the
key component for the assembly of the prereplication complex,
so that Cdt1 triggers cell proliferation (Del Bene et al., 2004).
Furthermore, Six3 may regulate cell proliferation by the
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1998, 2001; Gestri et al., 2005). In Xenopus early neurula, Six3
regulates cell proliferation by transcriptional activation of the
genes encoding factors promoting cell proliferation such as
Rx1, Bf1 and CyclinD1 and of genes encoding antineurogenic
factors such as Zic2 and Hairy2 and by repression of the genes
encoding inhibitors of cell proliferation such as p27Xic1 and of
genes encoding neurogenic or neuronal differentiation markers
(Gestri et al., 2005). In addition, when overexpressed, Six3
converted the non-neural ectoderm surrounding the anterolat-
eral neural plate into the neural fate by ingesting it into the
neural plate at least in part independently of cell proliferation
(Gestri et al., 2005). This is consistent with our observation of
the narrowing of the anterior neural tissue in the six3-
knockdown embryo (Fig. 4D).
Lhx2 also has crucial roles in both regionalization and cell
proliferation in the vertebrate forebrain. In fact, the cortical
ventricular zone progenitors in the hippocampus and neocortex
primordia of Lhx2/ mice have disrupted cell proliferation,
which results in profound loss of cortical plate neurons (Porter
et al., 1997; Bulchand et al., 2001; Monuki et al., 2001). In our
observation, the overexpression of Lhx2 completely rescued
the defect in the six3 morphant. As in the case of the Six3
function, the possibility that Lhx2 may also affect the
patterning in the anterior neural tissue cannot be ruled out. In
fact, overexpression of Lhx2 from the beginning of embryo-
genesis severely disrupted the body patterning (Fig. 2B). We
avoided this complication by targeting the region of uncaging
onto the presumptive telencephalon (Fig. 2C), although a low
level of expression was still induced in the surrounding
diencephalon at later stages (Fig. 2E). However, the normal
pattern formation in the region posterior to the telencephalon in
the uncaged embryos indicated the successful induction of the
telencephalon-specific Lhx2 expression. Therefore, the almost
complete rescue in the number of the telencephalic neurons in
the six3 morphant by the lhx2-uncaging may suggest that
overexpressed Lhx2 has sufficient activity to compensate the
reduction in the number of the neural precursor cells and/or in
their proliferation rate in the telencephalon. We reasoned that
this rescue was mainly due to the hyperactivation of the cellular
proliferation in the telencephalon rather than the patterning
compensation by Lhx2 because of the observed increase in the
proliferation rate by the forebrain-specific activation of Lhx2 in
the Six3-morphant embryos (Fig. 8). In fact, the telencephalon-
specific uncaging of lhx2 in the embryos treated with a cell
proliferation inhibitor (aphidicolin) could not induce the
expansion of the neural clusters in the telencephalon (Fig.
8I), further supporting the latter hypothesis.
Conclusion
This study demonstrated that Six3 and Lhx2 function in the
same pathway to regulate cellular proliferation in the develop-
ing forebrain. The combined approach of mRNA-caging
technology and AMO revealed that Lhx2 acts as an important
downstream regulator of Six3 in the promotion of cellular
proliferation in the developing telencephalon of zebrafish. Thismay support the presence of the parallel pathways for cellular
proliferation reportedly used by Six3, both by sequestration of
Geminin (Del Bene et al., 2004) and by the transcriptional
control (Zuber et al., 1999; Kobayashi et al., 1998, 2001; Gestri
et al., 2005).
Our approach using the caged-mRNA technology has
enabled us to determine the precise role of a downstream gene
among the pleiotropic functions executed by a functionally
upstream gene. Because of its technical simplicity and speed in
yielding results, this approach provides a potent alternative to
the conventional epistatic analysis using gene-knockout and
transgenic mice to study the complex genetic network involved
in the formation of the brain and other tissues.
In this report, we presented that zebrafish Lhx2 may have
crucial role for cell proliferation in the telencephalon under
control of Six3. Several other transcription factors such as Rx
and BF1 are expressed in the similar pattern as Six3 and Lhx2
and are also implicated in the regulation of cellular prolifer-
ation of the developing forebrain (Gestri et al., 2005).
Combined application of mRNA uncaging and AMO can be
used as the powerful tool to determine the functional relation-
ships among them.
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